The replication origin region, ori, of the Lactococcus lactis subsp. lactis plasmid pCI305 contains three-and-one-half directly repeated 22-bp sequences and two inverted repeat sequences, IR1 and IR2. These inverted repeat sequences overlap the promoter of the repB gene, which encodes a protein (RepB) essential for plasmid replication. Gel retardation assays, using lactococcal crude cell extracts in which RepB was overproduced, were used to demonstrate that the replication protein interacts with DNA sequences within the origin region. IR1 was identified as a RepB binding site. The 035 region of the repB promoter is contained within the loop of the potential stem -loop structure of IR1, suggesting autoregulation of repB. The pCI305 RepB failed to interact with DNA sequences within the minimal replicons of nine other members of the pCI305 family of plasmids and it was concluded that this DNAprotein interaction was replicon specific. In vivo studies were performed to determine the role of the three-and-one-half copies of the 22-bp sequences. When this sequence was provided in trans on a compatible vector, it resulted in the loss of pCI305 from the cell population (incompatibility). ᭧ 1996 Academic Press, Inc.
Plasmid replication has been extensively either inhibit processing of a preprimer for replication or else prevent transcription or subsestudied in gram-negative (Kues and Stahl, 1989 ) and, to a lesser extent, gram-positive quent translation of the mRNA molecule for the replication protein. In the third control system, (Bacillus, Staphylococcus) bacteria, leading to the identification of binding of the plasmid-encoded diffusible replication protein (Rep), 2 which is responsible for specific DNA sequences which govern plasmid replication and copy number and which medi-replication initiation, to one or more sets of iterons, tandemly arrayed in or around the repliate plasmid incompatibility. Several mechanisms involved in controlling the frequency of cation origin, can have an inhibitory effect on replication. Even though the use of repressor plasmid replication have been characterized in gram-negative bacteria. These include systems proteins and antisense RNA for regulation of plasmid replication has been reported and charwhich employ a repressor protein, antisense RNA, or directly repeated DNA sequences acterized, the role of iterons has not been studied for plasmids of gram-positive organisms called iterons (for a review see Kittel and Helinski, 1993) . The repressor proteins inhibit and, more specifically, lactic acid bacteria.
The most extensively characterized replitranscription of a gene whose product is essential for replication, while antisense RNA can 2 Abbreviations used: Rep, replication protein; RC, 1 To whom correspondence should be addressed. Fax: rolling circle; ssDNA, single-stranded DNA; ori, replication origin; IR, inverted repeat. 353-21-275934.
cons of Lactococcus lactis are rolling circle replication it was not possible to determine either the start points or the direction of replica-(RC) plasmids in which single-stranded DNA (ssDNA) is produced as a replication interme-tion. To date the only well-characterized thetareplicating plasmids from gram-positive bacteria diate (de Vos, 1987; Leenhouts et al., 1991) . These plasmids probably control replication are those of the pAMb1 family (Brantl et al., 1993; Bruand et al., 1991 Bruand et al., , 1993 ; Le Chatelier by producing a repressor protein (de Vos et al., 1989) and/or countertranscript RNA mole-et al., 1993) and these have been shown to replicate unidirectionally from a fixed origin. These cules (del Solar and Espinosa, 1992; Novick et al., 1989) to regulate the synthesis of the plasmids are not indigenous to, but are capable of replicating in, lactococci. The DNA arrangereplication initiator protein.
More recently, a replicon has been identified ments and sequences of the pAMb1 replicon, together with the 2D gel electrophoresis patwhich is widespread among lactococcal plasmids and which does not use the RC mecha-terns, differ significantly from those of the pCI305 family. nism. An example of this is to be found on the cryptic narrow-host-range plasmid pCI305 (8.7
The pCI305-type replicon is widely distributed in L. lactis subsp. lactis and subsp. cremkb) from L. lactis subsp. lactis UC317. The 1.6-kb minimal replication region consists of a cis-oris and includes the bacteriophage resistance plasmid pCI528 (Lucey et al., 1993) . Seacting putative replication origin (ori, previously denoted repA; Hayes et al., 1991) of approxi-quence comparison of the pCI305-type replication regions revealed a high level of nucleomately 300 bp, upstream of an open reading frame which encodes a 46-kDa trans-acting pro-tide homology distributed throughout the minimal replicon (Foley, 1995; Seegers et al., tein (RepB) essential for plasmid replication. Sequence analysis of the ori region (Hayes et al., 1994) , particularly in the region of the 10-bp tandem repeats and in the second inverted 1991) has revealed a number of striking features, including a 10-bp tandemly repeated sequence, repeat structure (IR2). This suggests an important role for these sequences in plasmid separated by an AT-rich region from a 22-bp sequence directly repeated three-and-one-half replication.
Arrangements of direct and inverted repeat times (Fig. 1) . The half repeat is also part of a perfect inverted repeat sequence, IR1, which is sequences have frequently been observed within the replication region of gram-negative capable of forming a potential stem and loop structure with a DG value of 014 kcal/mol. IR1 theta-replicating plasmids (Abeles et al., 1984; Churchward et al., 1983; Kues and Stahl, 1989 ; and a second inverted repeat sequence, IR2, are present in the vicinity of the promoter of the Stalker et al., 1979; Fig. 1) . The direct repeat sequences or iterons range in size from 17 to repB gene. The former contains the 035 promoter site within the putative loop, while IR2 24 bp and are arranged in clusters, with one cluster, which is essential for plasmid replicais located between the 010 promoter site and the start codon of repB.
tion, being contained within the minimal replicon. Binding of the replication initiator protein pCI305 is believed to be a theta-replicating plasmid based on the failure to detect ssDNA to repeat sequences has been demonstrated for several of these replicons (Abeles, 1986; Nordproduction and the similarity in DNA arrangement within its minimal replicon to that of a strom, 1990; Perri and Helinski, 1993; Vocke and Bastia, 1983) . This DNA-protein interacnumber of theta-replicating gram-negative plasmids, e.g., P1 (Abeles et al., 1984) , R6K tion can serve two main functions. Binding to the direct repeats is believed to play an im- (Stalker et al., 1979) , and pSC101 (Churchward et al., 1983) . Although two-dimensional (2D) portant role in replication initiation where it may facilitate the unwinding of the AT-rich gel electrophoresis patterns obtained for pWV02 and pUCL22 (Frere et al., region within the ori (Bramhill and Kornberg, 1988; Kim and Meyer, 1991) . These interac-1993), both of which are members of the pCI305 family of replicons, indicated a theta mode of tions may also be important in the negative control of plasmid copy number by regulating
To date, at least 17 plasmids belonging to the pCI305 family have been identified in Lacthe frequency of replication initiation. The exact mechanism by which this control is exerted tococcus and their replication functions sequenced. These plasmids are extremely stable is unclear, although several theories have been postulated. For example, it has been demon-(both structurally and segregationally) and have a narrow host range, in that they can strated for plasmids P1 (Pal and Chattoraj, 1988) and R6K (McEachern et al., 1989) that only replicate in Lactococcus, and attempts to introduce the replicons in other gram-positive two Rep-bound replicons can couple through Rep-Rep interactions (''handcuffing'' model). bacteria including Leuconostoc, Bacillus, and S. thermophilus and the gram-negative EscheThe coupled origins are inactive in that they are not accessible to host proteins required richia coli have proved negative (Hayes et al., 1990; Kiewiet et al., 1993; Lucey et al., 1993) . to initiate replication. Replicon handcuffing would be dependent on plasmid DNA concen-One exception is pUCL22, which was successfully introduced into Pediococcus aciditration and thus represent an important copy number control mechanism. In addition, for lactici, Pediococcus pentosaceus, and Enterococcus faecalis (Benachour et al., 1995) . Demany replicons the Rep protein has been shown to negatively regulate its own transcription by spite the considerable amount of DNA sequence data currently available little or no binding to inverted repeat sequences located near the transcriptional start point of the rep molecular analysis has been performed. It is now necessary to obtain insight to the replicagenes, e.g., pSC101 (Chattoraj et al., 1985; Vocke and Bastia, 1985) .
tion mechanism of these theta-type gram-posi- tive plasmids and to identify the fundamental in L broth (Sambrook et al., 1989) at 37ЊC.
L. lactis cultures were routinely subcultured at mechanisms which govern incompatibility, 30ЊC in M17 medium (Terzaghi and Sandine, copy number, stability, and host range. The 1975) supplemented with 0.5% glucose aim of the present work was to examine the (GM17). Erythromycin and chloramphenicol role of the repeat sequences within the replicawere used when required at final concentration origin, to identify the binding site(s) of tions of 5 mg/ml each for Lactococcus and the replication protein, RepB, and to deter-100 and 20 mg/ml, respectively, for E. coli. mine the replicon specificity of this DNAAmpicillin was used when cloning in E. coli at protein interaction(s) both in vivo and in vitro.
a final concentration of 100 mg/ml. Chemicals MATERIALS AND METHODS were obtained from Merck (Darmstadt, Germany), BDH (Poole, UK), or Sigma (St. Bacterial Strains, Media, and Growth Louis, MO).
Conditions
Incompatibility Studies The genotypes and source of all bacteria and plasmids used in this study are described L. lactis cultures each containing a specific resident plasmid were transformed by electroin Table 1 . E. coli cultures were propagated poration with the test plasmid DNA and plated (õ200 bp) from 2% gels the Mermaid kit (BIO 101, La Jolla, CA) was used. Sequencing on medium selective for the incoming plasmid. Transformant colonies were grown in was performed by the dideoxy chain-termination method of Sanger et al. (1977) . GM17 broth in the absence of antibiotic selection for 4 h (approximately four generations) and screened for the retention of the two plas-Crude Cell Extract Preparation mids by agarose gel electrophoresis. Those
Crude cell extracts were prepared from transformants which were found to contain overnight cultures diluted 1:200 in GM17 supboth plasmids were subcultured for a further plemented with the appropriate antibiotic and 100 generations without selective antibiotic grown to an OD 600 nm of 0.4. The cells (50-pressure. During this time the cultures were ml cultures) were harvested by centrifugation maintained in the exponential phase of growth (4000 rpm), resuspended in 1.5 ml of Tris by extensive dilution at 12-h intervals. After buffer (10 mM, pH 8.0, 4ЊC), and held on ice. 14, 50, and 100 generations, appropriate diluCells were lysed using glass beads (106 mm, tions were plated on nonselective medium and Sigma) in a ''Shake-it, Baby'' cell disrupter subsequently 100 colonies were replica-plated (Biospec Products, Bartlesville, OK) for 7 min onto selective plates. Up to 10 single colonies at 4ЊC. After centrifugation to remove cell deof each phenotype (antibiotic resistant/sensibris and glass beads, the protein content was tive) were screened for the presence of the determined using the Bio-Rad assay according original resident plasmid, the transforming to the supplier's instructions. After glycerol plasmid, or both by agarose gel electrophorewas added at a final concentration of 10% sis. The percentage of the population in which (vol/vol), the crude cell extract preparation loss of a specific plasmid occurred was then was either used immediately or stored in liquid determined.
nitrogen.
DNA Manipulations DNA Amplification and Labeling

Large-scale and rapid isolation of plasmid
Labeled DNA fragments were generated by DNA from Lactococcus was performed as de-PCR using 35 S-labeled dATP (Amersham, scribed by Anderson and McKay (1983) and Buckinghamshire, UK). The amplification for E. coli the alkaline lysis method (Sam-mixture (50 ml) contained 100 ng of template brook et al., 1989) was used. Purification of DNA (pCI374), 1 mM of each of the approplasmid DNA by CsCl/EtBr density gradients priate primers, 50 mM of each of the nucleowas performed as described by Sambrook et tides dGTP, dCTP, and dTTP, 10 mM dATP, al. (1989) . Lactococcus and E. coli were elec-2 ml [
35 S]dATP, 0.1% Triton X-100, 2 Units trotransformed using the procedures described of Vent DNA (exo-) polymerase, and buffer by Holo and Nes (1989) and that outlined in (New England Biolabs). The amplification the Bio-Rad (Richmond, CA) instruction man-program used consisted of an initial denaturual, respectively. Cloning experiments were ation step at 94ЊC for 3 min, followed by 25 performed as described by Sambrook et al. cycles of 94ЊC for 10 s, 50ЊC for 2 min, and (1989). Restriction enzymes, T4 DNA ligase, 72ЊC for 1 min. The PCR product was phenoland deoxynucleotides were supplied by Boeh-extracted, ethanol-precipitated, and resusringer (Mannheim, Germany). Vent DNA pended in 2 ml of distilled H 2 O and 1 ml was polymerase was obtained from New England used in each binding reaction. Biolabs (Beverly, MA). The Qiaex kit (Diagen GmbH, Hilden, Germany) was used for the Gel Retardation Assay purification from agarose gels of DNA fragments employed in cloning experiments. For
The binding reaction mixture (25 ml final volume) contained 1-3 ng of an 35 S-labeled the purification of small DNA fragments DNA fragment (PCR product) and 5 ml crude SalI-SphI fragment from pCI323 into the corresponding sites of pMG36e. Attempts to cell extract (approximately 5 mg of total protein). The binding buffer contained 20 mM make the latter construct in E. coli were unsuccessful; therefore, it was necessary to do Tris-Cl (pH 8.0), 1 mM EDTA, 5 mM MgCl 2 , 100 mM KCl, 2 mM dithiothreitol, 50 mg/ml this cloning directly in L. lactis. The copy number of pMG36e derivatives in L. lactis is bovine serum albumin (BSA), 50 mg/ml poly(dIdC) (Boehringer), and 10% glycerol approximately 5 per chromosome equivalent.
That the expression of repB in E. coli appears (vol/vol). A 5 mg/ml stock of calf thymus competitor DNA (Sigma) was prepared in Tris to be toxic or lethal is substantiated by the results of earlier experiments in which the bacbuffer (10 mM, pH 7.5) and sonicated. Twenty-five microliters of this stock was teriophage T7 RNA polymerase/promoter system was used to overexpress repB in E. coli. added to the binding reaction. The reactions were incubated at room temperature for 10 In the case of both the heat (Studier and Moffatt, 1986)-and IPTG (Tabor and Richardson, min, after which 5 ml of 50% glycerol was added to each reaction prior to immediate 1985)-inducible promoters, deletions occurred within the repB gene (data not shown). loading on a 4% nondenaturing polyacrylamide gel (acrylamide:bisacrylamide 19:1, Bio-Rad) containing 2.6% glycerol. The gel Binding of RepB to the pCI305 Origin and electrophoresis buffer contained 50 mM Tris-acetate, pH 7.5, and 2 mM EDTA. Elec-
The pCI305 ori contains a 22-bp sequence directly repeated three-and-one half times trophoresis was performed at room temperature for 1.5 h at 10 Vcm
01
. The gel was vac- (Hayes et al., 1991) . A similar arrangement of DNA iterons has previously been observed uum-dried onto 3 MM Whatman paper and exposed to X-ray film for 36 h to obtain an in many gram-negative replicons for which binding of the replication initiator protein to autoradiographic image.
the repeat sequences has been demonstrated (Abeles, 1986; Kues and Stahl, 1989; Sugiura RESULTS et al., 1990) . Gel retardation assays were used Cloning and Expression of repB to determine whether the pCI305 RepB protein is capable of interacting with DNA seIn order to study the possible DNA-protein interactions involving the pCI305 replication quences within the pCI305 ori region.
A DNA fragment (fragment A, Fig. 2 ), protein, RepB, it was necessary to clone and express the repB gene in a suitable expression spanning the region between coordinates 172 and 355, was generated and simultaneously vector. The vector chosen was pMG36e (van de Guchte et al., 1989) , a rolling circle plas-35 S-labeled by PCR using primers p7 and p6 (see Table 2 for description of primers). This mid based on the lactococcal pWV01 replicon and containing the L. lactis chromosomal pro-fragment contains the 22-bp direct repeats in addition to the inverted repeat sequences, IR1 moter p32 (van der Vossen et al., 1987) . This plasmid is capable of replicating in E. coli and and IR2, and the 010 and 035 sites of the repB promoter. Gel retardation assays were Lactococcus. The construction of pCI337, the plasmid used for the overproduction of the performed with fragment A and using pCI337 as a source of RepB. Crude cell extracts of L. pCI305 RepB, is described here. The 1.5-kb EcoRI-PstI fragment from pCI380 (Hayes et lactis subsp. lactis MG1363 strains containing pCI337 and, as a negative control, pMG36e al., 1990), containing the promoterless repB gene, was cloned into the multiple cloning site were prepared. As can be seen in Fig. 3 (lane  3) , the presence of RepB resulted in the comof pMTL23 (Chambers et al., 1988) , using blue-white selection to screen for inserts, re-plete retardation of the 35 S-labeled DNA fragment. Variation of KCl and competitor DNA sulting in pCI323. pCI337 was subsequently constructed by cloning the repB gene as a concentrations indicated that the optimal con- Hayes et al. (1991) . The primers chosen for the generation of these fragments are indicated (see Table 2 for sequence). The shaded box represents the region, the sequence of which is given, responsible for binding the pCI305 replication protein, RepB. The scale is in base pairs.
ditions for binding were 100 mM KCl and a periments in which the presence of a 500-fold excess of unlabeled fragment A abolished the combination of poly(dIdC) and calf thymus DNA at final concentrations of 50 and 500 RepB-DNA interaction (Fig. 3, lane 4) , while competition with a PCR fragment with 72% mg/ml, respectively.
It proved critical, in the preparation of the homology to fragment A, generated from the equivalent region of the closely related replicrude cell extracts, to harvest the cells in the early-log phase of growth since harvesting at con pCI528, failed to eliminate retardation.
Since the 300-bp ori contains three-andmid-log phase resulted in the retention of the radioactive material in the well of the poly-one-half direct repeat sequences and considering that the half repeat is also part of an inacrylamide gels during electrophoresis. The expression level from the p32 promoter increases verted repeat structure it is possible that there could exist several RepB binding sites within from the early-to the mid-log phase of growth (J. Kok, personal communication) . Therefore this region. One could therefore envisage a highly cooperative assembly of monomers at mid-log phase higher amounts of RepB may be present, probably resulting in aggregates of into a replisome with multiple contacts with the inverted and direct repeat elements present probe and RepB protein. Aggregate formation only occurred in the presence of RepB since it within the replication origin region. In order to determine the number of binding sites, gel was only observed with crude extracts prepared from L. lactis containing pCI337. retardation assays were performed in which the amount of total protein, and therefore of The specificity of the protein-DNA interactions was demonstrated by competition ex-RepB, used was progressively reduced by di- (Fig. 4D ) since retardation of a DNA probe lacking these repeats was observed. A DNA fragment (fragment C) containing inverted repeat IR1 in addition to the 22-bp iterons was retarded (Fig. 4C ). In contrast, fragment E, which includes the threeand-one-half copies of the 22-bp repeat sequence, an incomplete inverted repeat IR1, lanes 1 and 2). From the results obtained with fragments C, D, and E, a RepB binding site was narrowed down to the inverted repeat seluting the crude cell extract preparation. A quence, IR1, which overlaps the 035 site of concentration range of total protein from 5 to the repB promoter.
mg per reaction was tested. The results
To examine whether the replication protein obtained suggest that in this assay there was RepB was also capable of binding to the seconly one binding site on fragment A since ond inverted repeat sequence, IR2, gel retardaonly one retarded band (corresponding to that tion assays were performed using DNA fragobserved in Fig. 3 ) was observed and reducing ments G and H (Fig. 2) . Fragment G contains the Rep protein concentration yielded an in-IR2 and part of IR1, while fragment H concreasing amount of free DNA but not retarded tains IR2 only. Neither fragment was retarded, bands of intermediate mobilities (data not indicating that RepB does not bind to IR2 shown).
(data not shown).
Definition of the RepB Binding Site Deletion of orf x from pCI337
In order to determine more precisely the location of the RepB binding site(s) within the The pCI305 DNA present in pCI337, which was used for the expression of RepB in the pCI305 replication origin, a series of subfragments was generated by PCR (as illustrated experiments described above, consists of repB followed by the beginning (ATG start codon in Fig. 2 ). In addition, fragment F, which spans the ori region upstream of the 22-bp plus 129 nucleotides) of a second potential coding sequence, orf x. In order to generate a direct repeats and includes the 10-bp tandem repeats and a part of the AT-rich region, was construct in which repB, without orf x, is present in front of the p32 promoter of pMG36e, also generated. This region exhibits a high level of sequence identity among the family the AspEI-BamHI region of pCI337 which included the 3 end of repB plus the orf x of pCI305-type replicons (Seegers et al., 1994) and is necessary for plasmid replication. DNA was substituted with a PCR fragment containing only the repB DNA segment. To A deletion between coordinates 1 and 170, resulting in the loss of the tandem repeats and achieve this, a PCR fragment was generated using primers p65 (5-CGT CTA TCC GTT part of the AT-rich region, eliminated pCI305 GTA TGA CG-3) and p87 (5-GCG GAT plasmids encoding restriction-modification systems and which possess pCI305-type mini-CCT CAC TCA TGG TTT AAG TC-3), the latter of which possesses a BamHI site incor-mal replicons (Gravesen et al., personal communication) . Fragment D was the smallest porated into its 5 end, and pCI374 as template DNA. The 180-bp DNA fragment obtained pCI305 ori fragment that was retarded by RepB (Fig. 4D) . The equivalent fragment of was digested with AspEI and BamHI and the resulting 120-bp fragment was ligated with each of the pCI305-type replicons (see Fig. 5 for sequences) was generated, labeled by the gel-purified 4.9-kb AspEI-BamHI fragment of pCI337. The presence of an insert in PCR, and used in gel retardation assays with crude cell extracts containing the pCI305 the potential clone pCI3371 was verified by PCR and the use of crude cell extracts pre-RepB. Table 2 describes the primers used for the generation of these fragments. It was obpared from this transformant in gel retardation assays resulted in the shift of 35 S-labeled DNA served that the pCI305 replication protein only retarded the fragment generated using pCI305 fragment A. Therefore, the orf x DNA present on pCI337 was not responsible for the ob-DNA as template (data not shown). It should be noted that the region containing and flankserved DNA retardations.
ing IR1 is the least conserved among these plasmids.
Replicon Specificity of pCI305 RepB in Vitro
The high level of sequence homology Activity of pCI528 Rep on the pCI305 among the pCI305-type replicons prompted us Origin in Vivo to study the interaction in vitro of the pCI305 replication protein, RepB, with various memIn this study, we examined the ability of the pCI528 RepB protein to act in trans on bers of the pCI305 family. The replicons tested included the L. lactis subsp. cremoris the pCI305 ori. For this purpose, a plasmid, pCI379, containing the pCI305 ori but lacking Wg2 plasmids pWV02, pWV04, and pWV05 (Seegers et al., 1994) and the phage resistance repB was used. This plasmid, which expresses chloramphenicol resistance both in E. coli and plasmids pCI528 (Lucey et al., 1993 ), pIL7 (Seegers et al., 1994 , pJW563 (Gravesen et L. lactis , is capable of replicating in E. coli using the pBR322 replicon but is incapable of al., 1995), pJW565, pJW566 (Josephsen and Vogensen, 1989) , and pFV1201 (Josephsen replicating in L. lactis unless repB is provided in trans (Hayes et al., 1990) . Several attempts and Klaenhammer, 1990) . pJW565, pJW566, and pFV1201 are L. lactis subsp. cremoris were made to electrotransform L. lactis subsp. lactis UC505 (a lactococcal host harboring 100% stable following 100 generations of growth in the absence of antibiotic selection. pCI528) with pCI379 using an antibiotic as a selective pressure. Chloramphenicol-resistant Incompatibility tests were performed with this construct and it was shown that the introductransformants were never obtained. In contrast, pCI350, a chloramphenicol-resistant de-tion of pCI398 into FH052 (L. lactis MG1363 harboring pCI305) resulted in the immediate rivative of pCI305 containing ori and repB was introduced into this strain at frequencies loss (i.e., within 7 generations) of the resident plasmid, pCI305. This was in contrast to the of ú10 6 CFU/mg of DNA. On this basis, it was concluded that the pCI528 RepB protein results obtained when pGKV210 was the incoming plasmid. In this instance, pGKV210 was incapable of acting in trans on the pCI305 origin of replication. and pCI305 were stably maintained for at least 100 generations in the absence of selective pressure (Foley et al., 1993) .
Role of Direct Repeat Sequences in Plasmid Incompatibility Effect of pCI305 Direct Repeats on pCI528
It has previously been demonstrated that the Replication RC plasmid pGKV210 is compatible with pCI305 (Foley et al., 1993) . In an attempt to In order to determine if the pCI305 direct further define sequences involved in plasmid repeat sequences have an inhibitory effect on DNA replication and its regulation, a region the replication of the pCI528 minimal replicon of pCI305 extending from coordinates 163 to when present at high copy number on pCI398, 281 was selected for cloning into pGKV210. the ability of pCI398 and pCI528 to be coAccording to the sequence numbering of maintained was examined. L. lactis subsp. Hayes et al. (1991) this region encompasses lactis UC505 was electrotransformed with the 22-bp sequence directly repeated three-pCI398 (the rolling circle plasmid pGKV210 and-one-half times. A DNA fragment was containing the 22-bp repeat sequences from synthesized by PCR using primers p11 (5-pCI305) and incompatibility tests were per-GGA AGC TTT CAA GGC TTT ATA GAA formed. The coexistence of the two plasmids, T-3) and p12 (5-GGC TGC AGC GAA pCI528 and pCI398, was observed after 100 ACA AAC AAA GAA G-3), containing Hin-generations of growth in the absence of antibidIII and PstI restriction sites, respectively, and otic selection. Therefore, the pCI305 sequence pCI305 as the template DNA. The PCR prod-has absolutely no inhibitory effect on pCI528 uct was restricted with HindIII and PstI and replication. cloned into the respective sites of pGKV210 generating the construct pCI398. The insert DISCUSSION was sequenced to verify the fidelity of the PCR. The presence of the 129-bp insert frag-
The results obtained from gel retardation assays using crude cell extracts enriched for ment in pGKV210 did not alter the segregational stability of the plasmid, i.e., pCI398 was the pCI305 replication protein demonstrate that RepB, which is essential for plasmid rep-in the wells of the gel. The exact nature of the DNA-protein aggregates is unknown but lication, binds DNA within the replication origin region. The data presented here indicate it only occurred in the presence of the Rep protein. The fact that protein aggregates are that the RepB protein binds to the inverted repeat sequence, IR1, which contains the 035 capable of binding the iterons, whereas clear retardation was not obtained for fragment E site of the repB promoter within its potential loop structure. Such a DNA-protein interac-(containing the iteron sequences only) when lower protein concentrations were used, may tion would suggest that the pCI305 repB is autoregulated.
be indicative of a regulatory mechanism dictated by alternative binding of the protein. Initially, it was assumed that the pCI305 RepB protein would bind to the 22-bp iterons Some of the features of the pCI305 minimal replicon are also encountered in other plasand thereby mediate opening of the DNA helix in the upstream AT-rich region. This as-mids such as pSC101 (Manen and Caro, 1991) , R6K (Filutowicz et al., 1985) , and P1 sumption was based on knowledge available from studies of several gram-negative repli- (Chattoraj et al., 1985) (Fig. 1) . These replicons encode an autoregulatory protein essencons (Bramhill and Kornberg, 1988; Kim and Meyer, 1991) . Although titration experiments, tial for plasmid replication and possess directly repeated sequences. The similarities bein which the amount of Rep protein employed in the gel-shift assays was reduced, indicated tween pSC101 and pCI305 are particularly striking. pSC101 contains three 20-bp iterons that under the conditions used in this study only one RepB binding site was present, we followed by two inverted repeat sequences which overlap the promoter region of the corlooked for evidence of RepB binding to the iterons. For this purpose, a pCI305 DNA frag-responding rep gene (Manen and Caro, 1991) .
It differs from pCI305 in that the inverted rement (fragment E), containing the 22-bp direct repeat sequences but only the left half of in-peats are separated from the iterons by 25 bp.
Nevertheless, the half repeats of the pSC101 verted repeat IR1 was used in gel retardation assays and although it did not result in a re-inverted repeat elements are partially similar to its iteron sequences. In addition, the tarded band a reduction in the amount of free DNA (which was not due to nuclease activity) pSC101 Rep protein binds both inverted repeat sequences IR1 and IR2, with the latter was consistently observed. It is possible that the Rep protein can interact, albeit extremely element being essential for autoregulation of rep (Yamaguchi and Masamune, 1985) . In the poorly, with only this portion of IR1, producing a smear rather than a distinct retarded band case of pCI305 the role of IR2 is unknown but the RepB protein does not bind to this with fragment E. However, when DNA fragment G, containing the right half of IR1 and region. Gel retardation studies with pSC101, using purified replication protein, demonall of IR2, was used in binding assays this reduction in free DNA was not observed. strated that Rep binds to the inverted repeat sequences but that a much higher concentraTherefore, another explanation for these observations could be that the Rep protein inter-tion was required to demonstrate binding to the iterons (Sugiura et al., 1990) . pSC101 Rep acts with the iteron region of fragment E but that the protein concentration was insufficient also exists in two forms-the dimeric form binds to the IR sequences while the monoto detect distinct retarded bands. That binding to the iterons may have occurred is substanti-meric form binds the iterons (Manen et al., 1992) . By analogy to the pSC101 system, it ated by initial experiments in which the crude cell extracts were prepared from cells in the is conceivable that a conformational alteration of the DNA and/or purification of the replicamid-log phase of growth. Use of these extracts in gel retardation experiments with fragments tion protein is necessary to detect pCI305
RepB interaction with the direct repeat se-E and A resulted in aggregate formation whereby the radioactive material was retained quences.
The pCI305 replicon is widely distributed concluded that the pCI528 RepB protein was incapable of acting in trans on the pCI305 among lactococci with many strains harboring several plasmids possessing similar pCI305-origin of replication. The specificity of the RepB-DNA recognition may enable similar type replication functions. The bacteriophage resistance plasmid pCI528, from L. lactis replicons to be independently replicated and therefore stably maintained in the same host subsp. cremoris UC503, was previously shown to be compatible with pCI305 (Foley cell. Nucleotide sequence alignments of all the et al., 1993) despite sharing greater than 70% homology within their replication regions pCI305-type replicons available revealed the start of a second open reading frame, orf x, (Lucey et al., 1993) . In addition, it has been observed that wild-type lactococcal strains can immediately downstream of and potentially translationally coupled to repB (Seegers et al., harbor several plasmids each containing a pCI305-type replicon. For example, L. lactis 1994). Comparison of the deduced amino acid sequences indicated strong similarity and the subsp. cremoris Wg2 possesses three plasmids-pWV02, pWV04, and pWV05-each presence of an a-helix-turn-a-helix motif.
In the case of the pCI305 replicon, the first of which exhibits a high level of homology to the pCI305 minimal replicon (Seegers et al., 44 amino acids of this putative protein are known. Due to the apparent translational cou-1994). How these plasmids can coexist and be stably maintained within the same host cell pling and the presence of a DNA binding motif, the possible involvement of orf x protein is, at this point, unclear. The sequence divergence between these replicons may be suffi-product in DNA-protein interactions cannot be ruled out. The construct pCI337 contains cient to enable the plasmids to be compatible. It is therefore of interest to know whether suf-the first 132 bp of orf x. Retardation of an ori DNA fragment in polyacrylamide gels was ficient similarity remains between the plasmids to allow the Rep protein of one to inter-still observed using deletion derivatives of pCI337 in which this 132-bp sequence was act with the replication origins of other members of the pCI305 family. The interaction of eliminated, confirming that the pCI305 replication protein RepB is indeed responsible and the pCI305 replication protein, RepB, with several members of the pCI305 family of re-sufficient for the DNA shifts observed in the experiments outlined in this paper. plicons was examined in vitro since specificity in DNA recognition may enable the indepenTo examine the role of the 22-bp repeat sequences in plasmid replication the effect of dent replication (compatibility) of similar replicons within the same host cell. The results providing these in trans was determined. For this purpose a 129-bp PCR fragment which obtained in gel retardation assays indicated that the pCI305 RepB was capable of binding contains the 22-bp sequence directly repeated three-and-one-half times was used. When this to pCI305 DNA only, i.e., the pCI305 RepB-DNA interaction at IR1 is replicon specific. sequence was provided in trans on a compatible vector it resulted in the loss of pCI305 Considering that the IR1 region is the binding site for RepB, the replicon specificity of the from the cell population and thereby caused plasmid incompatibility. On the basis of sereplication protein correlates with IR1 being the least conserved motif among pCI305-type quence analysis the incompatibility was not due to the synthesis of a regulatory repressor replicons (Seegers et al., 1994; Fig. 5 ). This was complemented by in vivo studies in which protein which could have inhibited pCI305 replication since no potential open reading the ability of the pCI528 RepB protein to act in trans on the pCI305 ori was examined. It frames are present within this 129-bp fragment. Furthermore, possible promoter seproved impossible to transform L. lactis subsp. lactis UC505 (a lactococcal host har-quences which could initiate transcription were not identified which would rule out the boring pCI528) with pCI379 even when antibiotic pressure was employed. It was therefore production of a regulatory RNA molecule. The role of direct repeat sequences in plas-peats. Although the pCI305 direct repeat semid incompatibility has previously been re-quences had an inhibitory effect on pCI305 ported for many gram-negative replicons, e.g., replication when provided in trans, pCI528 F (Tolun and Helinski, 1981) and R1162 (Lin could be stably comaintained with pCI398. et al., 1987) . Studies on the effects of altering This would therefore rule out the possibility the number of repeat sequences on plasmid that the incompatibility observed between replication led to the observation that a reduc-pCI305 and pCI398 was due to the titration tion (in the number of repeats) resulted in an of a host factor, essential for replication, by increased copy number while the introduction the direct repeat sequences present on pCI398. of additional copies led to a reduction in copy When taken together these results suggest that number (Pal et al., 1986) . It has also been the pCI305 direct repeat sequences have a regdemonstrated that while binding of Rep to the ulatory role in plasmid replication which is direct repeats may be essential for plasmid replicon specific. replication, the ''handcuffing'' of two Rep-
The work presented here demonstrates bound replicons had an inhibitory effect by binding of the pCI305 RepB protein to the blocking replication initiation of the partici-potential stem-loop structure IR1, containing pating plasmids (Pal and Chattoraj, 1988) . By the 035 site of the repB gene. We therefore analogy to gram-negative plasmids we could speculate that RepB synthesis is autoregulated envisage that pCI398 (which has a higher and is thereby maintained at levels which are copy number than pCI305) may inhibit rate-limiting for replication initiation. It will pCI305 replication by coupling all the pCI305 be now of interest to examine the effects of molecules, resulting in the subsequent loss of alterations to the IR1 sequence on protein propCI305 from the cell population. Another pos-duction and consequently on the copy number sibility is that the pCI305 replication protein, of pCI305. The 22-bp repeat sequences also RepB, in a manner similar to that of gram-have a role to play in the regulation of plasmid negative replicons, may bind to the direct rereplication. The exact mechanism by which peat sequences which, when provided in trans, this is achieved and the coordination between may titrate the pCI305 RepB, making it unregulation at the level of the repeat sequences available for origin binding and consequent and the limitation of Rep protein synthesis pCI305 replication initiation. However, we remains to be determined for pCI305 and also have shown that the pCI305 RepB binds to an for iteron-containing plasmids of gram-negainverted repeat sequence flanking the trantive origin. scriptional start signals of repB, suggesting
The characterization of a narrow-host-range autoregulation. Autoregulation would thereiteron-containing plasmid in Lactococcus is of fore be expected to counteract control by titraimportance considering the widespread distrition.
bution of this type of origin in gram-negative Comparison of the pCI528 and pCI305 dibacteria. Its presence in Lactococcus raises rect repeat sequences indicates 82% identity interesting questions on plasmid evolution and (Fig. 6 ). An 11-bp region is perfectly conserved at the 3 end of each of the 22-bp re-transmission across species barriers.
